In mammals, the adhesion and fusion of the palatal shelves are essential mechanisms in the development of the secondary palate. Failure of any of these processes leads to the formation of cleft palate. The mechanisms underlying palatal shelf adhesion are poorly understood, although the presence of filopodia on the apical surfaces of the superficial medial edge epithelial (MEE) cells seems to play an important role in the adhesion of the opposing MEE. We demonstrate here the appearance of chondroitin sulphate proteoglycan (CSPG) on the apical surface of MEE cells only immediately prior to contact between the palatal shelves. This apical CSPG has a functional role in palatal shelf adhesion, as either the alteration of CSPG synthesis by ␤-D-Xyloside or its specific digestion by chondroitinase AC strikingly alters the in vitro adhesion of palatal shelves. We also demonstrate the absence of this apical CSPG in the clefted palates of transforming growth factor beta 3 (TGF-␤ 3 ) null mutant mice, and its induction, together with palatal shelf adhesion, when TGF-␤ 3 is added to TGF-␤ 3 null mutant palatal shelves in culture. When chick palatal shelves (that do not adhere in vivo nor express TGF-␤ 3 , nor CSPG in the MEE) are cultured in vitro, they do not express CSPG and partially adhere, but when TGF-␤ 3 is added to the media, they express CSPG and their adhesion increases strikingly. We therefore conclude that the expression of CSPG on the apical surface of MEE cells is a key factor in palatal shelf adhesion and that this expression is regulated by TGF-␤ 3 . © 2002 Elsevier Science (USA)
INTRODUCTION
The secondary palate in mammals forms by the union of the two palatal shelves that arise from the medial aspects of the maxillary processes of the first branchial arch. Initially, they grow down both sides of the tongue [embryonic day 13 (E13) in mice] and then elevate (E14) and approach each other, and the epithelium that covers their tips, the medial edge epithelium (MEE), contacts in the midline at E14.5 and adheres, forming the midline epithelial seam (Ferguson, 1988; Shuler et al.,1991) . Through programmed cell death (Mori et al., 1994; Taniguchi et al., 1995; Martínez-Á lvarez et al., 2000a) , epithelial-mesenchymal transformation (Fitchett and Hay, 1989; Griffith and Hay, 1992; Martínez-Á lvarez et al., 2000a) , and migration to the oral and nasal aspects of the palate (Carette and Ferguson, 1992) , the midline epithelial cells disappear, allowing continuity of the mesenchyme in the fusion zone at E15. Eventually, the mesenchyme of the anterior two-thirds of the palate undergoes intramembranous ossification and becomes the hard palate.
During palate fusion in mammals, the adhesion of the opposing MEE is a critical event whose alteration causes cleft palate (Newall and Edwards, 1981a,b; Pratt et al., 1984; Abbott and Pratt, 1987) . However, this process does not take place in all species. Unlike in mammals, avian palatal shelves approach and contact, but do not adhere in vivo (Greene et al., 1983) , resulting in a natural cleft. Some reptiles show an avian-like pattern of palate development, although in alligators and crocodiles, palatal shelves adhere after their contact and the fusion progresses until a continu-ous palate is formed (reviewed in Ferguson, 1988) . There is a species and tissue specificity in this adhesion process, as it fails, for instance, when mouse MEE is placed in contact with alligator MEE, tongue, or superficial maxillary epithelium (Ferguson et al., 1984) . Temporal specificity in palatal shelf adhesion has also been reported, as precociously removed palatal shelves do not adhere in culture (Pourtois, 1966; Humphrey, 1970; Smiley and Koch, 1971) .
The initial adhesion of palatal shelves seems to be correlated with the appearance of certain changes in the most superficial MEE cells that occur just prior to their contact. These cells bulge on the MEE surface soon after palatal shelf elevation (Martínez-Á lvarez et al., 2000b) and develop microvilli (DeAngelis and Nalbandian, 1968; Hayward, 1969; Souchon, 1975) , filopodia and lamellipodia (Waterman et al., 1973; Meller et al., 1980; Schü pbach et al., 1983; Taya et al., 1999) on their apical surface, whose function might be to increase the adhesion area between opposing MEE (Martínez-Á lvarez et al., 2000a) . Unlike the basal MEE cells, the superficial MEE cells have an extensive Golgi apparatus and numerous cytoplasmic small coated vesicles (DeAngelis and Nalbandian, 1968) , all characteristics compatible with apical secretion processes. The presence of these ultrastructural features correlates with the most striking change observed on the MEE surface just prior to the contact of palatal shelves: the appearance of a coat mostly formed by glycoconjugates (Greene and Kochhar, 1974; Souchon, 1975; Meller and Barton, 1978) , whose experimental disruption in vitro causes the inhibition of palatal shelf adhesion (Greene and Pratt, 1977) . By analyzing the lectin binding capacity of this superficial coat, Zschä bitz et al. (1994) demonstrated biochemical differences between the matrix that covers the MEE and other palatal epithelia, and suggested its importance in cell recognition and adhesion during palate fusion. Glycoprotein molecules have also been observed in the intercellular matrix interposed between the edges of the lens plate (Van Rybroeck and Olson, 1981; Yao et al., 1996) and the neural primordium (Smits Van Prooije et al., 1986; Trasler and Morriss-Kay, 1991) during their apposition, and there is experimental evidence showing that disruption in the synthesis or enzymatic degradation of these proteoglycans seriously disrupts the fusion process (Morriss-Kay and Crutch, 1982; Morriss-Kay and Tuckett, 1989; Alonso et al., 1998) . Among the different proteoglycans that could form part of these glycoconjugates and have a role during palatal shelf adhesion, our recent demonstration of the presence of chondroitin sulphate proteoglycan (CSPG) covering the superficial bulging MEE cells (Martínez-Á lvarez et al., 2000b) , strongly points to its direct participation in this mechanism.
Disrupted palatal shelf adhesion causes cleft palate in the transforming growth factor beta 3 (TGF-␤ 3 ) null mice (Proetzel et al., 1995; Kaartinen et al., 1995; Martínez-Á lvarez et al., 2000a) . TGF-␤ 3 is strongly expressed in the MEE cells of the still vertical palatal shelves, and this expression persists until the midline epithelial seam disappears (Fitzpatrick et al., 1990; Pelton et al., 1990) . TGF-␤ 3 is a critical molecule for palatal fusion: its inhibition by antibodies or antisense oligodeoxynucleotides prevents in vitro palatal shelf adhesion in mice (Brunet et al., 1995) and mutation of the TGF-␤ 3 gene in both mice (Proetzel et al., 1995; Kaartinen et al., 1995) and humans (Lidral et al., 1998; Mitchell et al., 2001 ) results in cleft palate. Palatal shelves from TGF-␤ 3 null mutant mice grow, elevate, and approach normally, but their adhesion fails due to disruption of an incompletely characterized adhesion mechanism. A striking decrease in the number of superficial bulging cells and filopodia present on the MEE surfaces of TGF-␤ 3 null mutant mouse palatal shelves has been reported recently (Taya et al., 1999; Martínez-Á lvarez et al., 2000b) . While the TGF-␤ 3 null palatal shelves appear ultrastructurally to have a reduced surface coat (Taya et al., 1999) , no information exists on the status of the MEE glycoconjugates. In other systems, TGF-␤s regulate the synthesis of certain glycoconjugated components of the extracellular matrix Massagué , 1986, 1987; Chimal-Monroy and Díaz de Leó n, 1999) , and TGF-␤s have been shown to regulate the expression of chondroitin sulphate and dermatan sulphate proteoglycans in different tissues, epithelial and mesenchymal cells, and even in the palate (Bassols and Massagué , 1988; Sharpe and Ferguson, 1988; D'Angelo and Greene, 1991) .
To investigate whether the presence of CSPG on the mouse MEE surface has a role in palatal shelf adhesion, we first established the timing of its expression during palate development and then altered its activity through the in vitro addition of ␤-D-Xyloside or chondroitinase AC. To investigate the influence of TGF-␤ 3 on the production of CSPG by MEE cells, we analyzed its expression in TGF-␤ 3 null palates and explored whether the addition of TGF-␤ 3 to either TGF-␤ 3 null mutant mouse or chick palate cultures stimulates both the expression of CSPG and palatal shelf adhesion. Our results demonstrate the presence of CSPG on the MEE surface only immediately prior to palatal shelf adhesion and that this CSPG is required for that adhesion to occur. We also show that TGF-␤ 3 null palates lack CSPG on their MEE surfaces and that addition of TGF-␤ 3 stimulates the production of this proteoglycan by the superficial MEE cells, in both mice and chick, together with palatal shelf adhesion. We therefore conclude that the cleft palate produced by the absence of TGF-␤ 3 might be caused, at least in part, by disruption of the synthesis/secretion of CSPG by the superficial MEE cells, thus impeding the appropriate adhesion between palatal shelves.
MATERIALS AND METHODS

Animals
Albino Swiss (CD1) or C57BL/6J TGF-␤ 3 heterozygous mice (Jackson Laboratories) were mated and the day of detecting the vaginal plug was designated day 0. Time-mated pregnant mice were killed by an overdose of chloroform, and the embryos were re-moved by Caesarian section, placed in sterile cold 1/1 Dulbecco's modified Eagle's medium (DMEM/F12) (Sigma), and decapitated. Embryos to be used for culture experiments were removed under sterile conditions. Once heads were obtained, the jaw and tongue were removed. In C57BL/6J TGF␤ 3 heterozygous mice, genotyping was performed as described in Proetzel et al. (1995) .
Fertilized White Leghorn chick eggs (Granja Santa Isabel, Có rdoba, Spain) were incubated at 37.5°C and 80% humidity for 8.5 days [stage 35 (35HH) of Hamburger and Hamilton, 1951] . Embryos were removed under sterile conditions and decapitated, and the heads were placed in sterile cold DMEM/F12.
Mouse and Chick Palate Cultures
Palatal shelves from E13.5 CD1, TGF-␤ 3 ϩ/ϩ , and TGF-␤ 3 Ϫ/Ϫ mouse or 35HH chick heads were dissected under sterile conditions in DMEM/F12. Isolated or paired mouse palatal shelves and isolated chick palatal shelves were then placed on 2 ϫ 2-mm Millipore filters (0.8-m pore size) and cultured in Trowell's tissue culture, as described in Brunet et al. (1993) . Cultures were incubated for 12 (isolated shelves), 24, or 36 (paired shelves) h at 37°C in a 5% CO 2 incubator. Chick paired palatal shelves were cultured for 45 h in 0.5% agar gels, as described in Sun et al. (1998a) , using DMEM/F12 ϩ 1% ascorbic acid as culture medium. Recombinant TGF-␤ 3 (10 ng/ml; Sigma) was added to the culture medium in those experiments requiring this condition. In all control and treated cultures, medium was replaced after 24 h.
In Vitro Inhibition of Chondroitin Sulphate Activity
To inhibit in vitro the biological activity of CSPG, we used two strategies. First, we disrupted the synthesis of CSPG by using the sulphated proteoglycan synthesis inhibitor P nitrophenyl ␤-DXylopyranoside (Sigma) (␤-D-Xyloside). Second, we specifically digested CSPG by adding chondroitinase AC to the culture medium.
E13.5 mouse paired palatal shelves were cultured in DMEM/F12 in the presence of ␤-D-Xyloside (25 l/ml of 10.8 mg/ml of sterile Hank's; Sigma). Medium was replaced after 24 h. Cultures were maintained for 36 h to allow palatal shelf fusion. Sterile Hank's or a similar amount of ␣-D-Xyloside (active anomere of ␤-D-Xyloside) was added to the medium in control cultures. All cultures were fixed in Carnoy fixative for 1 h and processed for histology.
A total of 20 l/ml of a solution of 9 U.I. Chondroitinase AC (Sigma) in 450 l of PBS was used to enzymatically digest CSPG. We also used 10 U.I. of Heparinase type II (Sigma) in 100 l of PBS to specifically digest heparan sulphate in some culture experiments. Control cultures had the same amount of heat-inactivated enzymes added. Table 1 shows the number of cultures studied per experiment.
CSPG Immunohistochemistry
TGF-␤ 3 ϩ/ϩ (and CD1) and TGF-␤ 3 Ϫ/Ϫ mouse embryonic heads were carefully washed with saline solution to avoid tissue and blood contamination and then fixed in Carnoy fixative for 2 h at room temperature. Mouse and chick isolated palatal shelf cultures and TGF-␤ 3 ϩ/ϩ (and CD1) and TGF-␤ 3 Ϫ/Ϫ mouse palate cultures from different experimental conditions were fixed in Carnoy fixative for 1 h. No less than four different specimens per experimental condition were analyzed. Carnoy fixative was used because it maintains the carbohydrate epitope recognized by the CS-56 antibody used. Specimens were dehydrated in a graded ethanol series and embedded in paraffin following standard procedures. Sections (8-m-thick) were preincubated in 1% PBS-BSA for 30 min and incubated overnight with the anti-chondroitin sulphate monoclonal antibody CS-56 (Sigma), which recognizes the glycosaminogly- can moiety of native chondroitin sulfate proteoglycan (Avnur and Geiger, 1984) . Sections were then reincubated in a fluoresceinconjugated goat anti-mouse IgM (Vector) for 30 min. Some sections were counterstained with propidium iodide (Molecular Probes) (1/12,000 dilution) for 30 min and all were mounted in Aquamount (GURR).
Samples were analyzed by using either an argon (488/514 ) or helium/neon (543 ) laser ZEISS LSM T-300 Scan Confocal Microscope. Digitalized images were recorded and overlapped when required.
Histological Preparation
Embryonic heads and palate cultures from different experimental conditions were fixed in 4% paraformaldehyde or Carnoy fixative, dehydrated in a graded ethanol series, and embedded in paraffin. Transversal sections (8-m-thick) were hematoxylin and eosin-stained following standard procedures. Sections were studied by using a Nikon Optiphot light microscope and photographed with a Nikon FX 35A camera. To measure the length of the adhered opposing MEE in all palate cultures, a measuring grid inserted in a 20ϫ ocular lens was used. The length of the adhered MEE in every 10 (mouse) or 20 (chick) sections taken from the middle 100 (mouse) or 200 (chick) sections of each palate culture was added. The average length of adhered MEE for each group was then calculated. The final values are expressed as the arithmetic mean Ϯ standard error. For comparison of the average measurements between experimental and control samples, a two-tailed Student's t test for independent samples was applied and P values below 0.001 were interpreted as indicating statistical significance.
RESULTS
Expression Pattern of CSPG in the Medial Edge Epithelium
Immunolabeling of E14 (not shown) and E14.5 mouse palates with the anti-CSPG CS-56 monoclonal antibody showed positive staining of the palatal mesenchyme in all embryos studied (Figs. 1A-1F) . At E14, palatal shelves were either vertical alongside the tongue or had elevated and were positioned horizontal above the tongue. No anti-CSPG-positive material was observed among MEE cells nor on the MEE surface at this time point (not shown). At E14.5, the palatal shelves approach each other and have contacted in the middle third of the palate in most cases, forming the midline epithelial seam. No anti-CSPG-positive staining was observed on the MEE surface when palatal shelves are still far from each other (Fig. 1A) . However, anti-CSPGpositive material covered most of the MEE surface when palatal shelves became closer (Figs. 1B and 1C) , and CSPGpositive staining greatly increased when contact between palatal shelves was imminent (Fig. 1D) . Positive staining was never noticed between basal MEE cells, but was observed surrounding the bulging superficial MEE cells (Fig. 1B) .
In the zones where contact between palatal shelves had occurred, the midline epithelial seam showed totally negative anti-CSPG staining (Fig. 1E) . However, as the midline epithelial seam disrupted, anti-CSPG-positive mesenchyme occupied the midline, leaving only small islands of totally negative anti-CSPG labeling (Fig. 1F) .
These results indicate that a CSPG-containing material is located transiently on the MEE surface only prior to palatal shelf adhesion, and that this material is absent among basal MEE cells.
In Vitro Altered Chondroitin Sulphate Expression Interferes Palatal Shelf Adhesion
Palatal shelves cultured for 36 h in control conditions always fuse ( Figs. 2A and 2B) . However, the addition of the sulphated proteoglycan synthesis inhibitor P nitrophenyl ␤-D-Xylopyranoside (␤-D-Xyloside) to the culture medium resulted in a complete absence of fusion of the palatal shelves, which remained either separated or minimally adhered after 36 h of culture (Fig. 2C) . Histological sections taken from these cultures showed either no adhesion or minimal contact between opposing MEE (Fig. 2D, and Table  1 ). Similar results were obtained when the CSPG-degrading enzyme chondroitinase AC was added to the culture medium, although it seemed to alter palatal shelf adhesion more strikingly (Figs. 2E and 2F, and Table 1 ). Palatal shelf adhesion and fusion was somewhat altered when the heparan sulphate-degrading enzyme heparinase type II was added (Figs. 2G and 2H, and Table 1 ). The two-tailed Student's t test applied to the length of adhered/fused MEE in all specimens of each group showed P Ͻ 0.001 in all cases, thus indicating its statistical significance.
Immunolabeling of 36-h cultured palates with the anti-CSPG CS-56 monoclonal antibody showed a greatly reduced expression of CSPG in both the mesenchyme and the MEE surface in those cultures treated either with chondroitinase AC (Fig. 2J) or ␤-D-Xyloside (not shown) when compared with control (Fig. 2I) 
These observations indicate that CSPG is required on the opposing MEE to achieve palatal shelf adhesion in vitro.
TGF-␤ 3 Induces CSPG Expression by MEE Cells and Palatal Shelf Adhesion in Vitro
We immunolabeled E14.5 TGF-␤ 3 ϩ/ϩ and TGF-␤ 3 Ϫ/Ϫ mouse palate sections with the anti-CSPG CS-56 monoclonal antibody and stained cellular nuclei with propidium iodide to allow the observation of the entire MEE (Figs. 3A  and 3B ). E14.5 TGF-␤ 3 Ϫ/Ϫ almost contacting MEE showed a striking reduction of CSPG on their surfaces (Fig. 3B ) when compared with controls (Fig. 3A) . In order to determine the influence of TGF-␤ 3 on the production of CSPG by MEE cells, we cultured E13.5 TGF-␤ 3 Ϫ/Ϫ isolated palatal shelves for 12 h in the presence or absence of TGF-␤ 3 . Since the MEE disappears when mouse isolated palatal shelves are cultured for 24 h or more (unpublished observation), we selected 12 h as the culture period for this experiment. To analyze differences in palatal shelf adhesion, paired palatal shelves were cultured for 24 h, since this period is sufficient for control palatal shelves to adhere and fuse. As expected, CSPG was never detected on the MEE surface in the TGF-␤ 3 Ϫ/Ϫ cultures (Fig. 3C ). The addition of TGF-␤ 3 to both 12-h TGF-␤ 3 Ϫ/Ϫ isolated palatal shelf cultures and to 24-h TGF-␤ 3 Ϫ/Ϫ palate cultures resulted in an increase in both the expression of CSPG on the MEE surface and in palatal shelf adhesion that fairly mimicked the results obtained in the TGF-␤ 3 ϩ/ϩ palates (Figs. 3D-3J, and Table 1 ). TGF-␤ 3 Ϫ/Ϫ isolated palatal shelves cultured for 12 h in a medium containing 10 ng/ml TGF-␤ 3 clearly showed an anti-CSPGpositive material covering the MEE surface (Fig. 3D) . In cultures of TGF-␤ 3 ϩ/ϩ paired palatal shelves, opposing MEE had almost completely adhered after 24 h (Fig. 3E) , and as expected, the epithelial seam was totally anti-CSPGnegative (not shown). To analyze the presence of CSPG on the MEE, we selected those sections where adhesion between opposing MEE had partially occurred and noticed the presence of CSPG on the MEE surface (Fig. 3F) . TGF-␤ 3 Ϫ/Ϫ paired palatal shelves cultured for 24 h had failed to adhere adequately (Fig. 3G , and Table 1 ) and showed no anti-CSPGpositive staining on the MEE surface (Fig. 3H) . However, when TGF-␤ 3 was added to 24-h TGF-␤ 3 Ϫ/Ϫ palate cultures, an increase in palatal shelf adhesion occurred (Fig. 3I , and Table 1 ) together with the presence of CSPG on the MEE surface (Fig. 3J) .
We finally investigated whether TGF-␤ 3 is able to stimulate the in vitro adhesion of chick palatal shelves and/or induce CSPG production by MEE cells. When cultured in agar gels for 45 h, paired chick palatal shelves adhered partially in most cases (Fig. 4A) . The addition of TGF-␤ 3 to the culture medium strikingly increased palatal shelf adhesion, leading sometimes to palatal shelf fusion (Fig. 4B , and Table 1 ). To determine whether this effect of TGF-␤ 3 on chick palatal shelf adhesion correlates with the induction of the synthesis of CSPG by MEE cells, we cultured isolated chick palatal shelves for 12 h with or without the addition of TGF-␤ 3 to the culture medium, and then immunolabeled the sections with the anti-CSPG CS-56 monoclonal antibody. Confocal visualization of the control cultures showed little or no anti-CSPG staining in the MEE (Fig. 4C) . However, increased expression of CSPG both among (Fig.  4D ) and over the MEE surface (Fig. 4E) was present in the TGF-␤ 3 -treated cultures.
The two-tailed Student's t test applied to the length of adhered/fused MEE in all specimens of each group showed P Ͻ 0.001 in all cases, thus indicating its statistical significance.
Taken together, these results indicate that TGF-␤ 3 stimulates palatal shelf adhesion in both mouse and chick embryos while inducing the production of CSPG by MEE cells.
DISCUSSION
The CSPG-Containing Material That Covers the MEE Prior to Contact between Palatal Shelves Is Necessary for Palatal Shelf Adhesion
Our work demonstrates that the presence of CSPG covering the MEE apical surface prior to and during initial mouse palatal shelf adhesion is essential for palatal shelf adhesion. The presence of a glycoconjugate-rich cell coat, likely synthesized by MEE cells (Pratt and Hassell, 1975) , was reported in earlier investigations to cover the MEE apical surfaces. This presence was demonstrated by using ruthenium red, a polyvalent cation that binds fairly specifically to polyanions such as glycosaminoglycans (GAGs) (Greene and Kochhar, 1974; Souchon, 1975) , or by the preferential adherence of concanavalin-A to the MEE surface (Pratt and Gibson, 1973) . This glycoconjugate surface coat was also shown to be required for the initial adherence of palatal MEE, as the addition to paired palatal shelf cultures of Diazo-oxo-norleucine, a glutamine analog that inhibits glutamine transfer reactions and thereby blocks glycosaminoglycans and glycoprotein synthesis, resulted in a striking inhibition of palatal shelf adhesion (Greene and Pratt, 1977) .
Which glycoconjugates are responsible for palatal shelf adhesion was never determined. We demonstrate here the appearance of CSPG on the mouse MEE apical surface only immediately prior to palatal shelf adhesion and that this expression increases as the contact between palatal shelves becomes imminent. This temporal pattern of expression is in contrast with the observation of the appearance of the carbohydrate coat on the MEE surface 48 h prior to palatal shelf adhesion (Greene and Kochhar, 1974) , although a thicker coat was observed shortly before fusion (Souchon, 1975) . The CSPG detected here could be part of a more complex extracellular matrix covering the MEE surface, formed by different glycoconjugates (Brinkley et al., 1992) . The appearance of CSPG only at E14.5 suggests that the molecule containing it is secreted just prior to palatal adhesion and that this molecule is essential for such adhesion.
We also demonstrate that CSPG is absent among nonapical MEE cells during mouse palate development. This might be a characteristic of the mouse MEE. When the expression of CSPG was induced in TGF-␤ 3 null mouse palate cultures through the addition of TGF-␤ 3 , CSPG expression was only observed on the MEE surface and never among MEE cells. On the contrary, a great expression of CSPG was noticed among MEE cells (together with CSPG expression on the MEE surface) when this experiment was performed by using chick palates. This is in keeping with earlier investigations showing the absence of ruthenium red staining in intercellular areas in the mouse MEE (Greene and Kochhar, 1974; Souchon, 1975) but its presence in humans (Meller and Barton, 1978) .
We have investigated whether CSPG is required for palatal shelf adhesion in mice. We specifically altered the synthesis of sulphated proteoglycans through the addition of the inhibitor P nitrophenyl ␤-D-Xylopiranoside (␤-DXyloside) to paired palate cultures. This ␤-D-Xyloside acts as an artificial chain initiator of sulphated proteoglycans biosynthesis that stimulates the synthesis of short coreprotein-free undersulphated chondroitin sulphate chains (Gibson et al., 1979) and of heparan sulphate to a lesser extent (Sobue et al., 1987) . ␤-D-Xylosides have become a popular tool for studying the role of sulphated proteoglycans in a wide variety of biological processes. By using chondroitinase AC in separate experiments, we also specifically degraded CSPG in mouse paired palate cultures. After both treatments, immunolabeling with the CS-56 monoclonal antibody showed the absence of CSPG on the MEE surface and a striking reduction of the in vitro palatal shelf adhesion. In addition, our results indicate that treatment of palate cultures with heparinase type II alters palatal shelf adhesion less strikingly. This means that Heparan sulphate could also play a role in this process. These data confirm that palatal shelf adhesion depends on mechanisms localized in the apical surface of the MEE cells (Schü pbach et al., 1983; Taya et al., 1999) and that the synthesis and secretion of CSPG by the superficial MEE cells plays a crucial role in this adhesion. This statement has additional support in the simultaneous experimental stimulation by TGF-␤ 3 of the expression of the apical CSPG and palatal shelf adhesion in the chick, whose palatal shelves do not adhere in vivo (despite their contact during palatogenesis) and lack the apical CSPG. Moreover, abundant CSPG surrounds the superficial bulging MEE cells, which have been shown to be primarily involved in palatal shelf adhesion (Martínez-Á lvarez et al., 2000a,b) . CSPG has been shown to be required in the adhesion of other epithelial edges, as during the fusion of the neural folds (Morris- Kay and Tuckett, 1989; Alonso et al., 1998) or in the formation of the lens (Alonso et al., 1996; Gato et al., 2001) . Interestingly, as with the CSPG immunostaining, the ruthenium red material observed on the MEE surface in earlier studies is absent when palatal shelf adhesion is accomplished (Souchon, 1975). This suggests that CSPG is needed mainly for the recognition and establishment of the initial adhesion between opposing MEE.
The monoclonal antibody CS-56 used here is directed against an epitope present in the glycidic moiety of CSPG and it is common to most CSPG types (Avnur and Geiger, 1984) . This implies that we can detect a broad number of molecules that have CSPG among their components. The resolution capacity of our study does not allow us to distinguish whether the CSPG detected on the MEE apical surface is part of a completely extracellular matrix or belongs to the extracellular domain of molecules with transmembrane components. However, since this CSPG plays a role in palatal shelf adhesion, it might belong to or be related with a cell adhesion molecule.
Different types of CSPG are involved in the maintenance of cell adhesion in other systems through their interaction with cadherins, CAMs, or integrins (Retzel et al., 1996; Iida et al., 1998; Stanford et al., 1999; Li et al., 2000) . Recent investigations found mutations of PVRL1, encoding the immunoglobulin related transmembrane cell-cell adhesion molecule nectin-1, in human cleft lip, with or without cleft palate (Suzuki et al., 2000) . This glycoprotein might be relevant for oral primordia adhesion, although only heparan sulphate has been identified in its glycosaminoglycan moiety (Terry-Allison et al., 2001) . The glycoproteins E-and N-Cadherin, N-CAM, and syndecan-1 have been observed prior to and during palatal shelf adhesion in mice (Brinkley et al., 1992; Kerrigan et al., 1998; Sun et al., 1998b; Martínez-Á lvarez et al., 2000b) . The location of these molecules in the preadhesion MEE, circumferentially placed in basal cells and basolaterally placed (or not existent, as in the case of syndecan) in the superficial cells, does not resemble the expression pattern of CSPG observed here, which is specifically located in the apical surface of the most superficial MEE cells. Moreover, both E-cadherin and syndecan (but not CSPG) are observed among MEE cells when the epithelial seam forms. These data suggest that the CSPG detected here does not belong to any of these molecules; however, it could be part of others still unidentified with a role in palatal shelf adhesion (Couchman et al., 2001) . In fact, the expression in the TGF-␤ 3 null MEE of some of the previously mentioned molecules is greatly altered (Tudela et al., 2002) , coinciding with the absence of expression of apical CSPG and a failure of palatal shelf adhesion.
On the other hand, interaction between extracellular matrix proteoglycans and integrins present on the cell surface has been described (Woods et al., 1998) , and there is evidence of a role for integrins as cell surface receptors involved in extracellular matrix assembly (Darribé re et al., 2000) . Our recent demonstration of the expression of vinculin (a linker between integrins and the actin cytoskeleton) on the apical surface of the most superficial MEE cells by the time of the initial contact between palatal shelves (Martínez-Á lvarez et al., 2000b) suggests the participation of integrins in palatal shelf adhesion. The critical presence of a CSPG-rich matrix on the apical surface of MEE cells at this time point may then cause epithelial adhesion through its interaction with integrins present in the opposing MEE surfaces.
More analyses are being carried out to determine which CSPG-containing molecule is responsible for palatal shelf adhesion. However, either as a component of a cell adhesion molecule or as part of a matrix that facilitates the union through integrins, our results evidence the necessary presence of this apical CSPG for palatal shelf adhesion.
The Role of TGF-␤ 3 during Palatal Shelf Adhesion
Both the presence in the MEE of TGF-␤ 3 mRNA (Fitzpatrick et al., 1990; Pelton et al., 1990; Gehris et al., 1994) and its receptor (Cui and Shuler, 2000) occur simultaneously with palatal shelf adhesion and fusion, and, as we demonstrate here, they also coincide with the expression of CSPG on the MEE surface. Inhibition of the biological activity of TGF-␤ 3 specifically alters palatal shelf adhesion both in vitro (Brunet et al., 1995) and in vivo (Kaartinen et al., 1995; Proetzel et al., 1995) , thus pointing to a very important role for TGF-␤ 3 in this process. In the TGF-␤ 3 null homozygous mice, the palatal shelves grow, elevate, and contact normally, but do not adhere adequately, and their fusion fails. We demonstrate here that, concomitant with the failure of palatal shelf adhesion and the formation of cleft palate, TGF-␤ 3 null mice lack the apical expression of CSPG in the MEE. Furthermore, the addition of TGF-␤ 3 to TGF-␤ 3 null paired palate cultures stimulates both palatal shelf adhesion and the expression of this apical CSPG, and identical results are obtained when this experiment is carried out in chick palates, that neither present TGF-␤ 3 nor CSPG in the MEE and have a physiological cleft. Sun et al. (1998a) , performing a similar chick palate adhesion assay, only reported a slight increase in the adhesion of opposing MEE when TGF-␤ 3 was added to the culture medium. However, in our study, this increase was almost fourfold compared with the adhesion observed in controls. TGF-␤ 3 seems to control directly the apical expression of CSPG by MEE cells and palatal shelf adhesion in different species, reinforcing its essential role in the induction of this process. The in vivo lack of adhesion between palatal shelves in those species bearing a physiological cleft palate could be due to a physiological downregulation of the transcription of the TGF-␤ 3 gene, thus causing the absence of expression of apical CSPG and the reduction of the autoadhesion properties of the MEE. This downregulation could also be the origin of those cleft palates where an alteration of palatal shelf adhesion seems to be the primary cause, as in the 2,3,7,8-Tetraclorodibenzo-p-dioxin-(TCDD)-induced cleft palate, where (as in the TGF-␤ 3 null mice) palatal shelves grow, elevate, and even contact, but a firm adhesion fails (Pratt et al., 1984) .
Different studies have demonstrated the ability of some members of the TGF-␤ superfamily to regulate extracellular matrix molecules in several cell types (Ignotz and Massagué , 1986; Locci et al., 1999) . In fact, TGF-␤ has been shown to activate the synthesis of proteoglycans, including CSPG, in different tissues and cell lines (Bassols and Massagué , 1988; Rapraeger, 1989; Chan and Anastassiades, 1998; Van Osch et al., 1998; Brown et al., 1999) , and even in mouse embryonic palatal mesenchymal cells (D'Angelo and Greene, 1991) . However, the mechanism(s) by which TGF-␤ 3 controls the production of apical CSPG by superficial MEE cells are unknown. TGF-␤ is able to regulate the expression of cell adhesion molecules (Chimal-Monroy and Díaz de Leó n, 1999), where the apical CSPG is likely localized. It also modulates the synthesis of the glycidic chains of the proteoglycans (Inman and Colowick, 1985) and increases the molecular weight of GAG chains, including chondroitin sulphate, through the control of their elongation (Bassols and Massagué , 1988; Rapraeger, 1989) . Likewise, TGF-␤ is able to regulate the synthesis of the protein core of proteoglycans, possibly by activating the transcription of the gene codifying for this protein (Bassols and Massagué , 1988) . Finally, TGF-␤ has been shown to modulate the equilibrium between metalloproteinases and their inhibitors, that controls the proteoglycan turnover in biological systems (Uría et al., 1998) . Interestingly, metalloproteinase-3 (MMP3) and its inhibitor TIMP3 are present in the mouse MEE immediately prior to palatal shelf adhesion (Morris-Wiman and Burch, 2000) , thus suggesting their involvement in this process, and TGF-␤ 3 has been shown recently to control the activity of MMP-13 and TIMP-2 in the midline epithelial seam (Blavier et al., 2001 ).
In conclusion, this work gives experimental evidence for the importance of the presence of CSPG on the apical surface of MEE cells in mouse palatal shelf adhesion and demonstrates its regulation by TGF-␤ 3 .
